Objectives/Hypothesis: To determine the distribution of the perceived intensity of salt, sweet, sour, and bitter in a large population and to investigate factors associated with perceived taste intensity.
INTRODUCTION
The sense of taste is an important component of daily living. The taste of foods can provide pleasure as well as protection from toxic items. Together with olfaction and trigeminal function (somatosensory sensation), taste likely influences the selection and consumption of food items 1 and thus may affect chronic disease risk. Previous work investigating taste function has used many testing methods with varying modes of administration of tastants, concentrations, and outcomes. In general, the work has suggested that age, sex, medication use, smoking, oral health, surgeries, injury, and other health conditions may contribute to various measures of taste functioning at threshold and suprathreshold concentrations. 2, 3 Studies have reported that older adults have higher detection and identification thresholds. [4] [5] [6] [7] [8] [9] The use of medications and the interaction between medications, play an important role in this decline of taste with age. 6, 8, 10 At suprathreshold levels, some studies have reported no age relationship with taste identification ability or minimal decline in perceived intensity with age, 11, 12 whereas others have found that older adults perceived tastes less intensely than young persons. 6 Findings on the relationship between sex and gustation have also not been consistent. Some studies found that females demonstrated better taste function, [12] [13] [14] but many other studies found no relationship. [3] [4] [5] [15] [16] [17] Regarding taste functioning and lifestyle behaviors, although a smoking relationship was observed in a recent population survey, it was only among current heavy smokers. 12 In a clinic-based study, no association between smoking and perceived intensity was reported. 18 Alcohol dependence and a family history of alcoholism have been implicated as being related to sweet preference, 19, 20 but again, studies have not consistently found this relationship. 21 Among the health conditions found to have a deleterious association with taste are head trauma, 22 multiple sclerosis, cancer, diabetes mellitus, 16 hypertension, colds, upper respiratory tract infections, and oral cavity conditions such as tooth loss, infections, and dry mouth. 23 Reviews have been published. 6, 24 Few of the previous studies have been conducted on a population level. An analysis of data from the 1994 National Health Interview Survey provided prevalence estimates for self-reported chemosensory problems. 15 The National Social Life, Health, and Aging Project administered an in-home taste identification test using one set of concentrations, but no threshold or suprathreshold testing was performed. 14 Few studies have performed multivariable adjustment for age, sex, health factors, and medication use.
The purpose of this study was to determine the distribution of the perceived intensity of the four basic tastes presented at suprathreshold concentrations in a large population. In addition, the associations between perceived taste intensity and demographic, lifestyle, health, and medication use factors were evaluated.
MATERIALS AND METHODS

Subjects
Subjects were members of the Beaver Dam Offspring Study (BOSS), an investigation of aging among the adult children (ages 21-84 years) of participants in the population-based Epidemiology of Hearing Loss Study. [25] [26] [27] The baseline BOSS examination was conducted in 2005 to 2008. The Health Sciences Institutional Review Board of the University of Wisconsin approved the study, and informed consent was obtained.
Of the 3,285 BOSS participants, 2,843 were examined (442 participants chose to complete a questionnaire only). Among those examined, 40 (1.4%) did not attempt the taste test, and 429 (15.1%) did not successfully learn the intensity scale.
Measurements
Taste. Perceived taste intensity was measured using filter paper disks 3 cm in size and prepared in the laboratory of LM Bartoshuk. The disks were impregnated with 1.0 M sodium chloride (salt), 1.8 M sucrose (sweet), 0.1 M citric acid (sour), or 0.001 M quinine (bitter).
Participants rated the perceived taste intensity using a general labeled magnitude scale, with a range of ''no sensation'' (0) to ''strongest imaginable sensation of any kind'' (100). 28 The participants were trained to use the scale, and only those who successfully completed the training continued with testing. The disks were introduced in a standard order: salt, sweet, sour, and bitter. The participant kept the disks in her/his mouth for 10 seconds, and after removal identified and estimated the intensity of the tastant. Additional details of the testing have been published. 26 
Covariates
Factors that had been reported to be associated with taste functioning were considered as possible covariates. Age, sex, and education (college graduate, 16þ years of education) were included in the analyses. Self-reported information on current smoking, alcohol consumption during the past year, and occupational exposure to organic solvents was considered. Height and weight were measured during the exam, and obesity was defined as a body mass index (BMI) ( [29] [30] [31] Olfaction impairment was defined as the correct identification of less than six odorants. The agreement between the SDOIT and the Brief Smell Identification Test 32 in classifying olfactory impairment was 96%. 33 The test-retest agreement for classification of impairment using the SDOIT was also 96%.
Self-reported health history items included sinus problems/cold/stuffy nose, allergies, nasal polyps, deviated septum, ear infections, periodontal disease, tooth loss due to gum disease, and chemotherapy treatment. A history of head injury included a broken nose, skull fracture, concussion, or loss of consciousness due to a head injury. The participant was considered to have a history of diabetes if it was doctor-diagnosed (other than during pregnancy for females), or if the glycosylated hemoglobin was 6.5 or greater.
Participants brought their prescription and over-the-counter medications used in the past month, and the medications were recorded and classified. The following non-mutually exclusive classes, based on previous reports of taste effects, were evaluated: angiotensin-converting enzyme (ACE) inhibitors, high blood pressure medications, lipid-lowering medications, statins, antidepressants, and antianxiety medications. In addition, females were asked if they had taken hormones for birth control or replacement therapy.
Statistical Analyses
Analyses were conducted for the four taste intensity ratings separately, and data were treated as continuous. Box and whisker plots were generated, and multiple linear regression was used with the putative related factors as the independent variables (age in 5-year increments, other factors as dichotomous 0-1 variables) and perceived taste intensity as the dependent variable. The estimated coefficients represent the number of units of change in the perceived intensity associated with the presence of the factor (or 5 years of age). Ninety-five percent confidence intervals were calculated using the standard errors of the regression coefficient estimates. Any factor significant at the P .05 level in age-and sex-adjusted models was included in the multivariable models. Factors no longer significant after full adjustment were removed in the final models. A nonlinear relationship between level of alcohol consumption and taste intensity was assessed using indicator variables for five categories: 0, 1 to 14, 15 to 74, 75 to 140, and >140 g of ethanol/week.
To determine factors associated with rating the intensities very low or very high, the taste intensity distributions were categorized into three groups: decile 1, deciles 2 through 9, and decile 10, and multinomial logistic regression with the glogit link was performed. Finally, a generalized estimating equation model was fit to adjust for familial correlation. Analyses were performed using SAS version 9.1 (SAS Institute, Inc., Cary, NC).
RESULTS
There were 2,374 participants (ages 21-84 years; mean, 48.8 years) included. Approximately 47% were male, 36% had a college degree, 17% were current smokers, and 90% had consumed alcohol in the past year (Table I ). The distribution of perceived intensity varied by taste quality and sex (Fig. 1) . On average, perceived intensity was highest for bitter (mean, 49.6; standard deviation [SD] ¼ 23. In age-and sex-adjusted models, age, sex and education were significantly related to perceived intensity (Table II) . Older participants perceived stronger intensities, whereas males and college graduates perceived weaker intensities (negative coefficients). Smokers rated sour and bitter significantly more intense than nonsmokers, and participants who had consumed alcohol perceived salt, sweet, and sour to be significantly less intense than nondrinkers. Those with an olfactory impairment perceived the sweet disk more intensely, participants with sinus problem histories rated the salt disk as more intense, and those with a diabetes history perceived sour more intensely. Sweet was associated with ACE inhibitors, sour was related to high blood pressure medications, lipid-lowering medications, and statins, and bitter was associated with lipid-lowering medications, statins, antidepressants, and antianxiety medications. No significant associations were found with obesity, solvent exposure, cold/stuffy nose/sinus problems in the past week, allergies, nasal polyps, deviated septum, head injury, ear infections, periodontal disease, chemotherapy, or hormone use.
After full adjustment, age remained significantly related only to sweet (B þ5 years ¼ 0.6), whereas sex and a college education continued to be significant for each of the four tastes (Table III) high (1st and 10th decile) ends of the perceived intensity distributions were compared to the middle range.
DISCUSSION
Although it was observed that a number of factors were associated with perceived taste intensity, age was not one of these factors. Previous work on the age-taste relationship has been inconsistent for suprathreshold testing with some studies finding no effect 11, 12, 34 and other studies finding a decline in perceived taste intensity and discrimination with age for sour, bitter, and salt. 5, [35] [36] [37] It is important to note that the present study's adjusted results refer to the association of age with taste independent of sex, education, lifestyle, disease status, and medication use. Much of the previous work did not adjust for other related factors. 38 The lack of association of age and taste intensity perception may be a consequence of having the oral cavity innervated with three cranial nerves, so that any loss of function in one area or nerve results in increased activity from another area to maintain whole mouth tasting. 39 It is also possible that because the study population was predominantly middle-aged, there was insufficient power to observe aging effects occurring in later life.
In the present study, females perceived each taste significantly more intensely than males. These results are compatible with an early study of suprathreshold taste intensity, where females displayed greater perceived bitter and sour intensities when stratified by age. 40 Previous population studies have also observed that females scored better in taste identification tests. 13, 14, 41, 42 The mechanism through which gender affects the sense of taste is not known, but it may be related to hormonal influences on taste and trigeminal function during the menstrual cycle, pregnancy, or during and after menopause. 43, 44 The finding that participants with a college degree demonstrated significantly lower perceived taste intensities has not been previously reported. However, two studies have reported that a higher level of education was associated with better ability to identify tastes, 41, 45 and in an analysis of food shopper data, researchers found that the shoppers who were classified as ''adventurous'' were highly educated, with 46% having a college degree. 46 Expanded taste experiences and more extensive familiarity with a range of tastes may be a contributing reason for these findings. Tastants presented at suprathreshold concentrations may not be perceived as intense by individuals exposed to high intensity tastants in daily life.
The finding that smoking and alcohol consumption, modifiable behaviors, were associated with taste intensity perception is of interest in so far as the sense of taste is related to food choice and consumption, and consequently, perhaps health. This study is among the first to find a positive association between current smoking and perceived intensity of sour and bitter, although no dose response relationship was observed. Previous work has usually found minimal or no association, 18 but in one cross-sectional study, a direct relationship between current heavy smoking and taste impairment was reported. 12 It has been hypothesized that smoking is related to taste functioning through its effect on taste papillae. In a recent study of young individuals, no significant differences were found in the number or size of fungiform papillae in current versus never smokers, but morphologic changes were observed most frequently in heavy smokers. 18 However, smokers performed significantly worse than nonsmokers only in identifying a bitter taste at a very low concentration. The present study's significant results were restricted to bitter and sour tastes but suggested that smokers perceived these tastes more intensely than nonsmokers. It is unknown if these results are related to papillae changes.
Regarding alcohol consumption, participants with moderate levels of alcohol intake perceived salt and sweet less intensely than the nondrinkers and heavy drinkers. Previous studies have reported no association of alcoholism or family history of alcoholism with the perceived intensity of sweet 20, 21 but have found a positive association with sweet preference. 19, 20 There may be multiple mechanisms involved in the observed nonlinear relationship, including papillae changes, and a shared genetic component between sensitivity for sweet and alcohol. Mouse studies have found that a sweet taste receptor gene, Tas1r3, is very closely tied to the Ap3q locus, which influences ethanol intake, and that other separate loci for the two traits are linked. 47 Humans may very well have related orthologs. 47 Our results suggested that participants with an olfactory impairment perceived sweet significantly more intensely. Recent studies have reported either no association between olfactory loss and taste 48 or a deleterious effect of long-term olfaction impairment on taste identification. 49 It is possible that a different relationship was observed in the present study because tastes were presented at suprathreshold concentrations, and it was not possible to evaluate olfactory impairment duration. We are unlikely to be observing cortical plasticity where the loss of one sense leads to activation of cortical connections used by another sense, such as with vision and hearing. 50 Olfactory and gustatory functioning are much more interrelated anatomically and physiologically than other senses.
Numerous medications affect taste, with some effects continuing several months after cessation of use. Interactions between medications are a particular problem. 8 The effects on taste caused by medications include distortion, attenuation, intensification, and absence, but the underlying mechanisms have not been established. 51 In the present study, participants taking lipid-lowering medications perceived sour and bitter more intensely. According to the Physicians Desk Reference, 52 seven of 10 lipid-lowering drugs can alter taste. 53 Lipid-lowering medications have high lipophilicity, leading to easy absorption into the blood stream and concentration in tissues, including the taste buds. 8 This concentration of drug in the taste receptors may be contributing to taste alterations. Another possibility is that the metabolic actions of the medications may cause alterations in the functioning of the taste buds or neurons related to the ionic stimuli (sour or salt) or alterations in the second messenger system of signal transduction. 51, 53 Associations between perceived taste intensity and previously suggested related factors including diabetes, 16 oral cavity conditions, 23 and head injuries 7 were not observed. It is possible that the number of participants with these conditions was too small to detect a relationship. It is not likely that our estimates of the strength of association between the perceived intensities and related factors were impacted by the loss of the subsample of participants who were unable to understand the intensity rating scale. However, because younger participants, college graduates, and current nonsmokers were significantly more likely to have learned the scale, the estimates of the perceived intensity distribution statistics may have been affected slightly.
CONCLUSION
In this large population, whole mouth taste testing was performed to provide an approximation of daily taste experience and perception, and tastes were presented at suprathreshold levels. Disorders of suprathreshold measures impact the ability to discriminate different tastes, 3 and this discrimination may have great influence on food selection and consequently nutritional status. Findings suggested that sex and education, but not age, were strongly associated with all four tastants, current smoking and lipid-lowering medications were significantly related to sour and bitter intensity perceptions, and alcohol consumption was related to the perceived salt and sweet intensities.
